Tiny Mirror Asymmetry in Electron Scattering Confirms the Inconstancy of the Weak Coupling Constant

S
pin-polarized beams of high-energy electrons scattering off unpolarized electrons or nuclei are particularly useful for examining the very slight preference for left handers in the realm of fundamental particles. But because that preference is measured in parts per 10 million, such experiments require extraordinary care. For longitudinally polarized electron spins, any difference between the scattering of electrons spinning like left-and righthanded screws violates parity conservation-that is, mirror symmetry. Electromagnetic interactions, which dominate electron scattering, strictly respect parity conservation. But the weak interactions do not.
In 2002, the E158 collaboration at SLAC began measuring the tiny fractional difference between the cross sections for the elastic scattering of left-and right-polarized 50-GeV electrons off electrons in an unpolarized liquid-hydrogen target. The polarized beam electrons were accelerated in the laboratory's 3-km-long linac. The collaboration's final report, just published, gives a right-left asymmetry measurement precise enough to demonstrate for the first time that the fundamental coupling "constant" of the weak interactions does in fact vary with the energy-momentum scale at which it is measured. 1 This so-called running of the weak coupling constant was an important, unconfirmed prediction of the standard model of particle theory.
Running constants
In fact, the standard model predicts such oxymoronic running for all three coupling constants of the theory: strong, electromagnetic, and weak. It's a characteristic of gaugeinvariant field theories like those that constitute the standard model. The Lorentzinvariant magnitude Q of the four-momentum transferred between interacting particles is an inverse measure of their distance of closest approach. The variation of the constants with distance (and therefore with Q) is a consequence of the creation and destruction of virtual particle-antiparticle pairs. Those evanescent pairs effectively shield the interacting particles from each other by polarizing the vacuum, much as a polarized dielectric shields capacitor plates.
For electromagnetism and the strong nuclear force, the running of the coupling constants is well established. The fine-structure constant a 1/137, the square of the electron's charge e in natural units, really describes electromagnetic coupling only in the limit of large distance or, equivalently, negligible Q. As charged particles get closer, there's less vacuum shielding between them. At 10 -16 cm (Q near 100 GeV), the effective a(Q) has increased to about 1/128.
Whereas the shielding of electric charge is due mostly to virtual e + e -and other fermion pairs, the running of the strong nuclear coupling constant is dominated by virtual pairs of massless spin-1 gluons. It turns out that, unlike spin-1/2 lepton or quark pairs, pairs of spin-1 particles such as gluons or the heavy W bosons that mediate the weak interaction actually provide antishielding between interacting particles. That is, the strong coupling between quarks decreases as they approach each other. At zero separation, it vanishes altogether. That's called asymptotic freedom (see PHYSICS TODAY, December 2004, page 21).
For the weak couplings, the standard-model prediction is more complicated. The heavy Z 0 boson is the neutral partner of the charged Ws. These three mediators of the weak force couple to each other and to all other known particles. The expected Q dependence of the Z 0 's weak coupling constant, g W , is not monotonic. For Q between 1 and 100 GeV, virtual quark-antiquark pairs dominate the vacuum polarization and g W , like e, should increase with Q. But then, starting near 160 GeV, twice the W mass, virtual W pairs begin to contribute significant antishielding and g W should begin to decrease.
All that running of the weak coupling constant has, until now, been theoretical expectation. Only at Q = 91 GeV, the mass of the Z 0 , is there a precise determination of g W . That was accomplished with high-statistics studies of Z 0 production in e + e -collidingbeam experiments at SLAC and CERN. The principal purpose of the E158 experiment has been to measure the weak coupling at much lower Q with enough precision to confront the standardmodel prediction. Significant departures from the standard model would point to new physics at high energies not yet explored directly. Despite E158's modest beam energy, the experiment would be sensitive, for example, to the existence of a neutral cousin of the Z 0 as heavy as 1000 GeV. Such speculative objects appear in theories that seek to unify the strong and electroweak interactions.
A tiny asymmetry
The E158 collaboration, led by Krishna Kumar (University of Massachusetts, Amherst), Emlyn Hughes (Caltech), Yuri Kolomenski (University of California, Berkeley), and Paul Souder (Syracuse University), set out to measure the right-left asymmetry
The standard model of particle theory predicts that all three fundamental coupling "constants" vary with distance. But demonstrating the variation for the weak interactions required an experimental tour de force. with a combined statistical and systematic uncertainty of about 15%. The cross sections s R and s L are for e -e -elastic scattering near 90° in the center-of-mass frame, with right-and leftpolarized 50 GeV electrons. The acceptance range of center-of-mass scattering angles included in the measured cross sections was about 45°. In the laboratory frame, the maximum scattering angle was only about 0.3°.
The invariant magnitude Q of the four-momentum transferred between the colliding electrons is given, in any reference frame, by Q 2 = (Dp) 2 -(DE) 2 , where Dp and DE are the transferred momentum and energy. In the experiment, Q +, the weighted mean value of Q, was 0.16 GeV.
Rather than measuring g W (Q +) directly, experiment E158 determined sin 2 q W , the mixing parameter of the standard model's unified electroweak theory, formulated in the 1960s by Steven Weinberg, Sheldon Glashow, and Abdus Salam. The theory's most striking prediction was the existence of the Z 0 . The empirical weak mixing angle q W , often called the Weinberg angle, describes the relative admixture of photonlike (isosinglet) and Wlike (isotriplet) components in the Z 0 's makeup. The mixing parameter is related to the effective (running) electromagnetic and weak coupling constants by
The standard-model prediction for the running of sin 2 q W is shown by the curve in figure 1 .
For elastic e -e -scattering at center-of-mass scattering angles near 90°, the electroweak mixing parameter for a given Q is related to the right-left asymmetry by
where G F is the Fermi constant, which characterizes the strength of the weak interactions in the low-energy limit. The asymmetry comes from the interference term between the photonexchange amplitude, which dominates the elastic scattering, and the much smaller Z 0 -exchange amplitude (see the leading-order Feynman diagrams in figures 2a and 2b). The predicted running of the mixing parameter is calculated 2 from higher-order loop diagrams like figures 2c and 2d. Whereas fermionic quark loops contribute to vacuum screening of the weak coupling, the W-boson loops make antiscreening contributions. In effect, the loop diagrams introduce a slight Q dependence into the Z 0 's admixture of photonlike and W-like components.
Precision
For all its expected running, sin 2 q W shouldn't stray very far from 1/4. Therefore, given the form of equation 2, the fractional error in the determination sin 2 q W is about 20 times smaller than the fractional error in measuring the asymmetry. A useful comparison of the mixing parameter at Q = 0.16 GeV with the standardmodel prediction requires that sin 2 q W be determined to better than 1%. So Kumar and company only had to measure A to better than 20%. But because the predicted magnitude of the right-left asymmetry was only about 10 -7 , that meant that they had to accumulate more than 10 16 elastic collisions. And they had to pay exquisite attention to systematic errors.
The requisite event rate was much too high for event-by-event analysis.
Relative scattering rates with rightand left-polarized beams had to be measured by the light generated in electromagnetic calorimeters made of alternating layers of copper and fused silica.
Spin-polarized electrons were created at the linac's upstream end by circularly polarized light hitting a specially developed gallium arsenide photocathode. The light began as linearly polarized laser light; it was circularly polarized by an intervening Pockels cell. One could reverse the polarization sense simply by reversing the voltage applied to the cell.
The electron beam was delivered to the hydrogen target in pulses at 120 Hz. Successive pulses were randomly given left-or right-circular polarization. "If you leave it at one polarization for longer intervals," says Kumar, "inevitable drift in the electronics washes out the tiny asymmetry signal." One also had to compensate for small but insidious correlations between the sign of the cell voltage and the geometry of the emerging laser and electron beams. It was crucial that the electron beam's path through the target have no polarization dependence. To that end, an elaborate beam-monitoring system constantly fed small voltage corrections back to the Pockels cell.
For a given cell polarity, one could reverse the electron beam's circular polarization either by inserting a halfwave plate in the laser beam or reducing the final beam energy by a few GeV-just enough to reduce the precession of the electron spin in a downstream bending magnet by precisely half a cycle. Such steps were taken every few days. The experiment ran for a total of about 3000 hours in 2002 and 2003. "We knew we had beaten the systematics," says Kumar, "when we got the same asymmetry, within statistics, for all four combinations of beam energies and half-wave plates."
The final measured asymmetry, A = (-131 17) × 10 -9 , yields sin 2 q W = 0.2397 0.0013 for the effective mixing parameter at Q = 0.16 GeV. As shown in figure 1 , that's within one 
